This study examined the involvement of second-order processing in the perception of transparency from texture. Stimuli consisted of two superimposed plaid patterns with two diagonal gratings defined by contrast modulation. We investigated the probability of reporting transparency (simultaneous percept of the two gratings) as functions of envelope frequency and either carrier frequency (Experiment 1) or carrier orientation (Experiment 2). Perception of transparency was more often with a large difference in carrier signals between the two gratings. Moreover, a lower envelope frequency was required for the perception of transparency. These results indicate that the mechanism responsible for texture transparency may tune to second-order structures that are differentiated in terms of first-order signals and that decomposition or integration of structures may be determined in terms of the difference of first-order signals between structures.
Introduction
The ability to segregate a region from the adjacent background has been the subject of considerable vision research. The texture segregation task is considered the most convenient tool to determine the mechanism underlying the ability to distinguish objects. Previous findings have shown that segregation of texture between two regions requires a difference in element orientation (Beck, 1967; Landy & Bergen, 1991; Wolfson & Landy, 1995) and element size (Bergen & Adelson, 1988) or spatial frequency, (Nothdurft, 1991) .
Filter-rectify-filter (FRF) model is often utilized to explain the performance in texture segregation tasks. A difference between regions is not detected with a bank of single linear filters since this type of filter can only detect changes in luminance across space. As a result models have been proposed where second linear filters process the spatially pooled rectified information of carrier signals (Adelson & Bergen, 1985; Chubb & Sperling, 1988; Landy & Bergen, 1991; Malik & Perona, 1990; Sutter, Beck, & Graham, 1989) . Information requiring two-stage processing is called second-order information, for example, the orientation of orientation modulated grating (OMG), whereas information not requiring such processing is called first-order information (Cavanagh & Mather, 1989) .
Recently, the ability to distinguish superimposed regions has attracted the attention of vision researchers. Watanabe and Cavanagh (1996) suggested that segregation of partially superimposed square surfaces is facilitated by differences in surface content. Observers perceived a higher rate of transparency when there was little similarity between the elements of two surfaces, and when the elements did not form a T or x-junctions. Consequently they speculated that grouping based on similarity and the effects of anti-texton (spaces between texton, Van Tonder & Ejima, 2000; William & Julesz, 1992) may facilitate the segregation of two superimposed surfaces. Kingdom and Keeble (2000) investigated the effect of differences in spatial frequency on the threshold of segregating OMGs with out-of-phase modulation. They showed that only a small amount of orientation modulation was required to detect superimposed OMGs with large differences in the spatial frequency. As a result, they suggested that the general purpose FRF model could not support their results because the modulation frequencies of the OMGs were equivalent, and that there should be no difference in second-order structure between two OMGs. They speculated that mechanisms like contour detection working within scale (Dakin & Hess, 1998) might explain the detection of superimposed OMGs.
Transparency is perceived when the surfaces of stimuli have a different spatial frequency but lack smooth orientation modulation within a surface. Julesz and Chang (1979) reported that when two symmetrical patterns were superimposed, both patterns were visible when their spatial frequencies differed by more than two octaves. Moreover, have shown that when surfaces composed of randomly oriented Gabor micropatterns (Gabors) are partially superimposed, transparency is only perceived when the spatial frequencies of Gabors are significantly different (for example, 1 cpd vs. 4 cpd). Moreover they showed that the detection of texture boundary that is defined by differences in short-range orientation in the non-superimposed regions was a critical factor in the perception of transparency. The segregation of overlapped surfaces does not seem to necessarily require first-order orientation information.
Although apparently inconsistent, the results provided by Kingdom and Keeble (2000) , Julesz and Chang (1979) , and may be reconciled by the hypothesis that the mechanism responsible for texture transparency may tune to second-order structures identified in terms of first-order signals. Specifically, in the hypothesis, we suggest that the mechanism responsible for texture transparency detects the second-order structures in the image and secondly determines decomposition or integration of the structures on the basis of differences in carrier information of each second-order structure. In this line, the results of Kingdom and Keeble can be explained by assuming that the visual system knows the type of first-order signals sent to second-order mechanisms, and despite having a similar structure, can differentiate and decompose OMGs by their carrier frequency. We also suppose that the superimposed symmetrical patterns used by Julesz and Chang are likely to have a kind of second-order structures processed by texture mechanisms (Dakin & Herbert, 1998) where the carrier signals of each structure are different in the spatial frequency. Therefore we suggest that the results described above can be explained by tuning of the mechanism for texture transparency to second-order structures identified in terms of first-order signals.
In this study, we attempted to substantiate this empirically. Specifically, we examined the perception of transparency from texture using contrast-modulated, second-order plaid patterns with varying carrier spatial frequency (Experiment 1, Fig. 1 ) or orientation (Experiment 2, Fig. 2 ). We hypothesized that the perception of ÔtransparencyÕ would occur when large differences existed in the carrier information of each second-order structure (plaid patterns), or in ÔcoherenceÕ (not transparent, or opaque) when the difference was small. (Here, ÔtransparencyÕ means the percept that two orthogonal gratings can be simultaneously seen, and ÔcoherenceÕ means the one that the gratings cannot be decomposed and the patterns as like a sheet are seen. The definition was incorporated into the instruction given to observers.) Moreover, it is assumed that the perception of transparency from texture would depend on secondorder spatial frequency if it involves a second-order mechanism. Consequently, we found that differences in orientation within same the spatial scale as well as differences in spatial frequency contribute to the perception of transparency. Moreover, the probability of reports of transparency was dependent on the envelope spatial frequency in a low-pass fashion. The results indicate that the mechanisms for texture transparency may tune to second-order structures that are differentiated in terms of first-order signals.
Method

Observers
One author (TK) and four naive observers participated in each experiment. They reported that they had correct or correct-to-normal visual acuity.
Apparatus
A PC (Sony VAIO) controlled the presented stimuli and collected the resultant data. Stimuli were displayed on a 19-inch CRT monitor (Nanao, FlexScan T761) with a resolution of 1024 · 768 pixels. Using a computerÕs built-in gamma-correction hardware and a luminance meter (MINOLTA, LS-100), we linearized the luminance value of the CRT display.
Stimuli
Each stimulus consisted of plaid patterns containing two diagonal contrast-modulated gratings (CMGs) composed of Gabors. The Gabors are defined in following equation:
where L m is the mean luminance (38 cd/m 2 ), C the contrast, f the spatial frequency, h the orientation of each Gabor, and r the standard deviation of the Gaussian envelope. The contrast of each Gabor was set to 0.2. When the Gabors were overlapped, luminance modulation of Gabors was summed prior to being added to the mean luminance. Therefore, mean luminance was constant, but the contrast varied depending on the superposition of Gabors. Each Gabor was composed by filtering square patch with sinusoidal luminance modulation, which was subtended an angle of 1°. r was always one quarter of the square patch, so r was 0.25°.
CMGs in a plaid were composed as follows. First, we composed one CMG: Gabors were positioned randomly in a circular window having a visual angle of 32°in the buffer display, and square-wave contrast modulation with a spatial frequency of 0.06, 0.125, 0.25, 0.33, or 0.5 cpd (cycle per degree) was applied to the uniform field composed of Gabors. The phase of the square-wave modulation was randomized between trials. Another diagonally orientated CMG was generated in the same way as the other buffers. Finally, carrier modulation, but not envelope modulation of these two gratings was combined in the third buffer display and then presented to the observers.
In Experiment 1, the independent variables were the first-order carrier frequency (carrier frequency) of the Gabors, and the second-order envelope frequency (envelope frequency). Fig. 1 shows instances of the stimuli used in the first experiment. One CMG was always composed of Gabors with a carrier frequency of 1 cpd, and the other was composed of Gabors with a carrier frequency randomly selected from 1, 1.5, 2, or 2.5 cpd. Both CMGs had the same envelope frequency randomly selected from 0.06, 0.125, 0.25, 0.33, or 0.5 cpd. In each trial, a plaid pattern with a random combination of the carrier and envelope frequencies was presented to the observers.
In Experiment 2, the independent variables were firstorder carrier orientation (carrier orientation) and envelope frequency. Fig. 2 shows instances of the stimuli used in the second experiment. For each trial, the carrier orientation was determined as follows: First, the carrier orientation was composed of one CMG randomly selected from 360°to minimize any effect of alignment between carrier and envelope orientation (Dakin & Mareschal, 2000) . The carrier orientation contained in the second CMG was determined with a difference of 0°, 30°, 60°, or 90°from the first CMG. Both CMGs had the same envelope frequency randomly selected from 0.06, 0.125, 0.25, 0.33, or 0.5 cpd. For each trial, a plaid pattern composed from a random combination of both the carrier orientation and envelope frequency was presented. In this experiment, the carrier frequency of Gabors was always 2 cpd.
Procedure
Observers sat 40 cm from the display. They used a chin-and head-rest to stabilize their head position. Each trial began with a centrally fixed cross displayed for 390 ms. A stimulus was presented after the fixed cross disappeared. Observers were asked to report their perception as either coherent or transparent with button press. As described earlier, it was instructed to observers that ÔtransparencyÕ meant the percept that two orthogonal gratings could be simultaneously seen, and Ôcoher-enceÕ meant the one that the gratings could not be decomposed and the patterns as like single sheets were seen. The duration of the stimulus was not restricted but observers were urged to report their first impression. The number of trials for each experiment was 200 trials of 4 (first-order signals) · 5 (envelope frequencies) · 10 replications. The order of trials was randomized across observers.
Results and discussion
Experiment 1
The aim of Experiment 1 was to determine whether the perception of transparency is dependent on both carrier and envelope signals, and to test the hypothesis that transparency from texture is based on the mechanism tuning to second-order structures that are differentiated in terms of carrier spatial frequency. Fig. 3 shows the results of Experiment 1. Error bars indicating the standard error of mean (SEM) show that the individual differences were small. The probabilities of reporting transparency in each experimental condition was calculated for each observer with both the ratio of the carrier frequency between CMGs and envelope frequency subject to a two-way analysis of variance (ANOVA). The main effect of the ratio of the carrier frequency was significant, F 3,12 = 18.848, p < 0.0001. Multiple comparison tests (RyanÕs method) showed that participants reported transparency when the ratio was 1 or 1.5, and was significantly different from when the ratio was 2 and 2.5, p < 0.05. The main effect of the envelope frequency was also significant, F 4,16 = 45.282, p < 0.0001. Multiple comparison tests showed significant differences between all the pairs except for 0.06-0.125 cpd, 0.25-0.33 cpd, and 0.33-0.5 cpd, p < 0.0001.
In addition, there was a significant interaction between two factors, F 12,48 = 10.775, p < 0.0001.
The significant interaction between carrier and envelope frequency supports the hypothesis that the mechanism for texture transparency tunes to second-order structures differentiated in terms of carrier frequency. First, the perception occurred more often with increases in carrier frequency. The finding that CMGs were integrated when the ratio of the carrier frequency between CMGs was low, and were separated when the ratio was high, is in agreement with a previous study (Kingdom & Keeble, 2000) . Second, the perception of transparency increases with a lower envelope frequency, suggesting a second-order dependency for transparency from texture and indicates that interpretation based on first-order signals alone may be insufficient for our data.
Our data might be explained by the ratio of the carrier to envelope frequency as shown by Dakin and Mareschal (2000) . They suggested that the threshold for detecting contrast modulation was determined by the ratio of the spatial frequency of carrier noise to the envelope frequency. In this experiment, a higher carrier frequency resulted in the perception of transparency, and our data might suggest that this occurs because the ratio of carrier to envelope frequency differs between the two CMGs.
Experiment 2
To address the issue about the ratio of carrier to envelope frequency, we modulated carrier orientation instead of carrier frequency. We hypothesized that perceived transparency would increase when there were large differences in carrier orientation between CMGs, provided that the mechanisms for texture transparency can tone to the second-order structures differentiated in terms of first-order orientations. In contrast, the perception of transparency would not increase if it is derived from the ratio of the carrier to envelope frequency, because their ratio does not vary with changes in carrier orientation alone. Fig. 4 shows the results of Experiment 2. The error bars indicate SEM and show that individual differences were small. The probabilities of reporting transparency in each experimental condition was calculated for each observer and the difference in carrier orientation between CMGs and envelope frequency were subject to a two-way ANOVA. The main effect of carrier orientation was significant, F 3,12 = 5.514, p < 0.05. Multiple comparison tests showed that the perception of transparency between 0°and 60°, and 0°and 90°was significantly different, p < 0.05. The main effect of envelope frequency was also significant, F 4,16 = 38.356, p < 0.0001. Multiple comparison tests showed that the perception of transparency was significantly different in the pairs of 0.5 and 0.06, or 0.125 cpd, 0.33 and 0.06 cpd, or 0.125 cpd, 0.25 and 0.06, or 0.125 cpd, p < 0.05. In addition, there was a significant interaction between the two factors, F 12,48 = 2.452, p < 0.05.
These results indicate that tuning of the mechanisms for texture transparency to second-order structures is plausible to explain our results. In this experiment, we varied the first-order orientation contained in each CMG while maintaining a constant carrier frequency of 2 cpd, to eliminate the contribution of the ratio of first-order to second-order frequency. Furthermore, we randomly set the carrier orientation and reduced the effect of alignment between first-order and second-order orientation. As a result, in this experiment, the large differences in the carrier orientation between CMGs induced the perception of transparency, but perception was also dependent on the envelope frequency in a low-pass fashion. From this interpretation, we concluded that the perception of transparency from texture requires the decomposition of second-order structures by the differences of first-order signals.
General discussion
Solving the relationship between superimposed objects is an important task for the visual system. Previous findings have implicated several factors in segregating transparently superimposed textures including similar grouping of surface elements (Watanabe & Cavanagh, 1996) , the detection of orientation continuity within a scale (Kingdom & Keeble, 2000) , and boundary information of non-overlapping regions . All of these studies suggested that this task is accomplished by detecting somewhat different structures depending on first-order signals. The results reported by Julesz and Chang (1979) can also be explained within this framework. To confirm this, we used plaid patterns containing contrast-modulated gratings with either varying carrier frequency (Experiment 1) or carrier orientation (Experiment 2). We found that interaction between carrier and envelope signals could result in the perception of transparency from texture, and suggest that the mechanism responsible for texture transparency may tune to second-order structures differentiated in terms of first-order signals.
Our results may be related to the interactions between the detectors for second-order structures. It has been suggested that orientation, frequency, and contrast modulation are detected by independent mechanisms (Kingdom, Prins, & Hayes, 2003; . Furthermore, within each modality, there may be interactions between the detectors for second-order structures (Arsenault, Wilkinson, & Kingdom, 1999) . Some interactions between the detectors for contrast-modulated structures may result in the perception of transparency. Fig. 5 shows the possible interactions between first-order orientation signals and second-order structures, based on results from both Arsenault et al. (1999) and in the present study. In this model, the two structures are integrated when the same first-order signals form secondorder structures, even if the second-order structures differ in terms of orientation (Fig. 5a ). In contrast, two structures can be separated when the first-order signals are different (Fig. 5b) . We suggest that the outputs of the mechanism determining separation and integration may be interpreted as transparency or coherency, respectively. How do the results of the present study relate to conventional perceptual transparency? In our stimuli, we eliminated luminance cues such as luminance-defined x-junctions, which contribute to perceptual transparency from luminance (Adelson, 1993) , and therefore the present results may not be derived from the same mechanism as perceptual transparency dependent on luminance. Moreover, contrast-based x-junctions (Spehar & Zaidi, 1997) cannot explain our data because only contrast-based x-junctions cannot explain the effect of envelope frequency on the perception of transparency.
However, there may be a contribution of contrast-defined x-junctions to our data. As one of the referees suggested, even in the condition without texture differences, the perception of transparency occurred though the probabilities of the reports were low. We suggest that the results might stem from the contrast-defined x-junctions. In this study, we added the luminance modulation of Gabor micropatterns at junctions, and hence the luminance contrast at junctions was higher than the one in the non-overlapped regions. In the previous study, it is suggested that the differences of luminance contrasts between junctions and non-overlapped regions contribute to the perception of transparency though there is no variation of mean luminance between them (Spehar & Zaidi, 1997) . Therefore we suggest that the perception of transparency in the condition without textural differences may be partly based on contrast-defined x-junctions. However, the results that the probability of transparency significantly increased when the texture differences were introduced indicate that rather than contrast-defined x-junctions, the textural differences are stronger cues to cause transparent impressions.
Instead, there are feature-defined x-junctions in our stimuli (Fig. 6) . The junctions were composed of varying features, and should thus be detected with a secondorder mechanism. In another study , it was suggested that the feature-defined x-junctions were critical to decompose superimposed surfaces. They used the cross patterns composed of vertical and horizontal contrast-defined stripes, where carrier orientations between them were orthogonal. In addition, orientation information at junctions (overlapped region) was independently changed. The task of observers was to report whether the patterns were perceived as the two superimposed stripes or five individual regions (one center and four flanking regions). They showed that orientation similarity between junctions and nonoverlapped regions was critical to perceive superimposed stripes. Their results indicate that the percept results in five individual regions when the mechanism tuning to second-order structures detects the different structures between junctions and non-overlapped regions in terms of first-order orientations. On the other hand, the percept results in two superimposed stripes when the mechanism detects similar structures between . Diagram representing the putative mechanism for texture transparency, which tunes to second-order structures differentiated in terms of firstorder information. A set of large black and white ellipses represents second-order receptive fields tuned to contrast modulation, and a set of small black and white ellipses represents first-order receptive fields tuned to orientation. ''R'' means rectification process. In (a), the second-order structures are integrated when the first-order information is akin to each other. In (b), on the other hand, the structures are separated because when it is different from each other.
junctions and non-overlapped regions. Their results are consistent with our data showing that the mechanism tuned to second-order structures works to segregate superimposed textured surfaces. Further investigation is required to determine the nature of these junctions, as it is likely that the processing of feature-defined x-junctions may be related to the perception of transparency from texture.
